Aims The family Balsaminaceae is essentially herbaceous, except for some woodier species that can be described as 'woody' herbs or small shrubs. The family is nested within the so-called balsaminoid clade of Ericales, including the exclusively woody families Tetrameristaceae and Marcgraviaceae, which is sister to the remaining families of the predominantly woody order. A molecular phylogeny of Balsaminaceae is compared with wood anatomical observations to find out whether the woodier species are derived from herbaceous taxa (i.e. secondary woodiness), or whether woodiness in the family represents the ancestral state for the order (i.e. primary woodiness). † Methods Wood anatomical observations of 68 Impatiens species and Hydrocera triflora, of which 47 are included in a multigene phylogeny, are carried out using light and scanning electron microscopy and compared with the molecular phylogenetic insights. † Key Results There is much continuous variation in wood development between the Impatiens species studied, making the distinction between herbaceousness and woodiness difficult. However, the most woody species, unambiguously considered as truly woody shrubs, all display paedomorphic wood features pointing to secondary woodiness. This hypothesis is further supported by the molecular phylogeny, demonstrating that these most woody species are derived from herbaceous (or less woody) species in at least five independent clades. Wood formation in H. triflora is mostly confined to the ribs of the stems and shows paedomorphic wood features as well, suggesting that the common ancestor of Balsaminaceae was probably herbaceous. † Conclusions The terms 'herbaceousness' and 'woodiness' are notoriously difficult to use in Balsaminaceae. However, anatomical observations and molecular sequence data show that the woodier species are derived from less woody or clearly herbaceous species, demonstrating that secondary woodiness has evolved in parallel.
INTRODUCTION
Balsaminaceae are a family of horticulturally important herbs that are characterized by an enormous floral diversity (Yuan et al., 2004; Janssens et al., 2006 Janssens et al., , 2009 . Although the family exceeds 1000 species, only two genera are recognized: Impatiens and Hydrocera. The species-rich genus Impatiens is primarily distributed in the highlands and mountains of the Paleotropics, yet a few species also occur in temperate Eurasia and North America (Yuan et al., 2004; Janssens et al., 2009) . In contrast, the genus Hydrocera contains only one species, Hydrocera triflora (Fig. 1A) , and is confined to the lowlands of Indo-Malaysia (Grey-Wilson, 1980b ). Large differences in habitat can be observed between both genera: Impatiens is nearly always associated with an often humid environment as it often grows along small rivers (Fig. 1B) or in the spray zone of waterfalls -although some species grow on physiologically dry limestone outcrops (Fig. 1C) -while Hydrocera is a semi-aquatic plant, thriving in stagnant water of pools and ditches (Grey-Wilson, 1980a) . The high species diversity in Impatiens is reflected by the hypervariable floral morphology, of which the spurred sepal and the lateral petals show an extreme variability (Yuan et al., 2004; Caris et al., 2006; Janssens et al., 2008) . Despite the enormous floral variation, the vegetative morphology of Impatiens is well preserved, always having glandular toothed leaves and often a fleshy semi-succulent stem (Fig. 1B) .
The majority of the (sub-)tropical balsams are considered to be annual, especially the species growing in wet microhabitats without dry periods (Grey-Wilson, 1980a) . However, a considerable number of species are perennial and have specific root adaptations, such as, for example, tubers in I. tuberosa (Madagascar) and I. mirabilis (Thailand), which are needed to survive the (usually short) dry season (Perrier de la Bathie, 1948; Grey-Wilson, 1980a; Newman, 2008) . Also epiphytic or semi-epiphytic species are considered to be perennials that are often adapted to short periods of water shortage due to the formation of tubers (Grey-Wilson, 1980a; Cheek and Fischer, 1999; Janssens et al., 2010) .
A small number of species in Africa, South India and Madagascar have robust shoots that initially thicken and gradually become woody with age ( Fig. 1D ), sometimes almost becoming shrubby (Hooker and Thomson, 1859; Grey-Wilson, 1980a) . Interestingly, Grey-Wilson (1980a) suggested that a woody habit is probably not related to any specific habitat type, but independently originated throughout the genus. We want to investigate this hypothesis, and assess (1) whether the woody species in Impatiens have originated from herbaceous relatives (secondary woodiness) or resemble the woody ancestral state for the Ericales order ( primary woodiness); and investigate (2) whether these habit shifts have happened several times within the genus. Three independent strategies can be applied to investigate whether herbaceous lineages have evolved into secondarily woody species. A first strategy is to trace evolutionary shifts towards secondary woodiness using a robust, species-dense molecular phylogenetic framework. Most of these secondarily woody lineages are found on islands and are therefore also referred to as insular woody lineages (e.g. Böhle et al., 1996; Francisco-Ortega et al., 2002; Lee et al., 2005) . A second option is to make woody mutants from herbaceous wild types (Groover, 2005; Melzer et al., 2008; Lens et al., 2012) . If molecular data are insufficient or even unavailable, which is still the case in many groups, a third source of evidence is to look for so-called paedomorphic features in the wood anatomy of the species under study (Carlquist, 1962 (Carlquist, , 1974 (Carlquist, , 1992 (Carlquist, , 2009 Koek-Noorman, 1976; Lens et al., 2005a Lens et al., , b, 2007 Lens et al., , 2009 Dulin and Kirchoff, 2010) . Paedomorphic or juvenile wood features resemble characters of the primary xylem that are protracted into the more mature secondary xylem (¼wood) of secondarily woody species. Examples are the continuous decrease of vessel element length from the pith towards the cambium, the presence of wide gaping or gash-like intervessel pits resembling helical or reticulate tracheids in the primary xylem, and the absence of rays and/ or the presence of rays with mainly square to upright ray cells. As stressed in Lens et al. (2009 Lens et al. ( , 2012 and Dulin and Kirchoff (2010) , scientists should make use of independent strategies to obtain sound conclusions on habit shifts towards secondary/insular woodiness, because studying merely wood anatomical observations or molecular data separately may lead to misinterpretation of the origin of woodiness within a particular group. Stem anatomical observations in Balsaminaceae are extremely scarce. As far as we know, there are only two papers that describe the wood anatomy of Impatiens: Gerard (1917) includes a very brief description of only one species, and Lens et al. (2005b) provide a more detailed description of only two species. To rectify this lack of information, we have studied the stem anatomy of 68 Impatiens species from all major clades of the present molecular phylogeny (Yuan et al., 2004; Janssens et al., 2006 Janssens et al., , 2009 and Hydrocera triflora, and compared the anatomical observations with an improved phylogeny.
The objectives of this study are to present an overview of the stem anatomical variation in Balsaminaceae, and to investigate the origin of woodiness based on the anatomical observations in combination with an up-to-date molecular phylogeny. However, above all, this study wants to find a way to distinguish between herbaceousness and woodiness in a group that shows a continuous variation in wood development.
MATERIALS AND METHODS

Material
Stem samples from 69 Balsaminaceae species were collected from the living collection of the National Botanic Gardens of Belgium (BR), and the spirit and herbarium collection of the Netherlands Centre for Biodiversity Naturalis-section NHN (NCB Naturalis, L) (Appendix). Our sampling covers all major Balsaminaceae clades following the latest molecular phylogeny of Janssens et al. (2009) . To increase the number of species for which molecular data are also available from earlier studies, we sequenced additional chloroplast atpB-rbcL and nuclear ImpDEF1 and ImpDEF2 sequences for the following species: Impatiens eriosperma, I. grandis, I. kilimanjari × pseudoviola, I. stuhlmannii and I. repens (GenBank accession nos HE617195-HE617200).
Since wood development -if present at all -is limited in many Balsaminaceae, we investigated only stem samples at the base of a mature plant during flowering. After sampling, we immediately stored the stems in 70 % alcohol to prevent the stems from drying out. This is important, because the majority of Balsaminaceae species have stems containing much parenchyma tissue that would otherwise completely shrink due to the drying process. Consequently, most of our samples had to be sampled from living collections grown in botanical gardens or from available spirit collections, and only a few samples of the woodiest species in the NCB Naturalis herbarium collection were added to our sampling (Appendix).
Wood anatomical descriptions and microtechnique
Stems of Balsaminaceae are typically soft because of the high ratio of parenchymatous vs. lignified tissues. Therefore, the standardized way of wood sectioning following Lens et al. (2005b) could only be applied for the most woody herbarium species. All the other species were embedded in LR White resin (hard grade, London Resin, UK) and sectioned with a rotary microscope according to the protocol described in Hamann et al. (2011) . The LR White sections were stained with either toluidine blue or Etzolds dye (a mixture of 10 mg of fuchsin, 40 of mg safranin and 150 of mg astra blue dissolved in 100 mL of water, added with 2 mL of acetic acid). Transverse sections and longitudinal sections were made for the most woody species, while the other species were represented by transverse sections only. For length-on-age curves, measurements for vessel elements were made using radial sections from the pith towards the cambium, and added with maceration slides taken from various distances between pith and cambium. The wood anatomical terminology follows the 'IAWA list of microscopic features for hardwood identification' (IAWA Committee, 1989 ).
Molecular analysis
DNA was extracted using a modified cetyltrimethylammonium bromide (CTAB) protocol . Primers used for amplification and sequencing of the chloroplast atpB-rbcL spacer and the nuclear ImpDEF1 and ImpDEF2 are obtained from Janssens et al. (2006 Janssens et al. ( , 2007 . Amplified DNA was sequenced by the Macrogen sequencing facility (Macrogen, Seoul, South Korea). Sequences obtained in this study were submitted to GenBank (see the Materials and methods). Alignment of the nuclear and chloroplast sequences was conducted with MUSCLE under default parameters (Edgar, 2004) as implemented in the software program Geneious v.4 . 7 . 5 (Biomatters Ltd, Auckland) and subsequently fine-tuned by hand. Chloroplast atpB-rbcL and nuclear ImpDEF1/ImpDEF2 data matrices were analysed separately and combined using the probabilistic maximum likelihood (ML) method. Maximum likelihood analyses were performed using the RaxML search algorithm (Stamatakis et al., 2005) under the GTRGAMMA approximation of rate heterogeneity for each gene (Stamatakis, 2006) . Five hundred bootstrap trees were inferred using the RaxML Rapid bootstrap algorithm (ML-BS) to provide support values for the best-scoring ML tree. A partition homogeneity test, as implemented in PAUP*4 . 0b10a (Swofford, 2002) , was used to appraise whether the data sets provide different signals in the combined analyses.
Character mapping
It is known that most herbaceous species produce a limited amount of wood (Dulin and Kirchoff, 2010; Schweingruber et al., 2011; Lens et al., 2012) , but how much wood does a species need to produce in order to be considered woody? All the species studied that do not form a wood cylinder are treated here as herbaceous (Table 1) . In order to distinguish between 'herbaceousness' and 'woodiness' amongst the species that do form a wood cylinder at least at the base of their stems, we carefully measured the ratio of the double thickness of the wood cylinder over the entire stem diameter. Since the stems and wood cylinders are usually not perfectly cylindrical, we measured both stems and wood cylinders multiple times for each stem (eight measurements to calculate mean double wood cylinder thickness, four measurements to calculate mean stem diameter), and divided the mean values to obtain a habit quotient. The quotient for each species can (Schols et al., 2004) . Consequently, besides species without a wood cylinder which are considered herbaceous, this method allows three other classes amongst the species with a complete wood cylinder to be chosen: 'woody' herbs (character states 1 -9), slightly woody species (character states 12-14) and truly woody species (character states 17-26; see Supplementary Data Fig. S1 for a distribution of the character states among the species). An alternative option is to have only two classes, i.e. herbaceous species (all the species without a wood cylinder and species having character states 1 -9) and woody species (character states 12-26; Table 1 ; Supplementary Data Fig. S1 ). Nevertheless, plotting the two-or four-character state features onto our up-to-date phylogenetic tree leads to the same conclusions with respect the origin of woodiness (Fig. 7) . Parsimony character optimization was carried out using MacClade 4 . 05 (Maddison and Maddison, 2002) under the ACCTRAN algorithm.
RESULTS
Anatomical descriptions
The stem anatomy of Impatiens is described separately from the stem anatomy of Hydrocera (Table 1) . The wood anatomical description of Impatiens is based on the ten most woody species having character states 17-26: I. balfourii, I. dewildeana, I. flaccida, I. gesneroidea, I. havilandii, I. leschenaultii, I. namchabarwensis, I. stenantha, I. violaeflora and I. vitellina (Figs 2F and 4; Table 2 ). For both genera examined, the numerator represents the number of species studied and the denominator includes the total number of species. Numbers without parentheses are ranges of means, while numbers between parentheses represent minimum or maximum values. A summary of selected wood features is shown in Table 2 .
Impatiens (68/1000 + ; Figs 2 -4; Tables 1 and 2 ; Supplementary Data Fig. S2 ). Continuous variation in wood development throughout the genus: ranging from islands of wood in the fascicular regions of some species ( Fig. 2A) , towards species with a small wood cylinder (Fig. 2B-D) over species with larger wood cylinders (Fig. 2E, F) . Stems hollow in I. aurea, I. balfouri, I. biflora, I. capensis, I. dewildeana, I. eubotrya, I. gesneroidea, I. glandulifera, I. griffithii, I. havilandii, I. jerdoniae, I. latifolia, I. lyallii, I. macrophylla, I. noli-tangere, I. pseudomacroptera and I. usumbarensis. Outer stem layer with (non-)meristematic epidermis attached in most species (Fig. 3A, B) ; initiating periderm observed in I. aurea, I. auricoma, I. bicaudata, I. clavigera, I. flaccida, I. kilimanjari × pseudoviola, I. pseudoviola, I. pseudomacroptera and I. purpureo-violacea, a more developed periderm present in most species that are considered to be slightly woody or truly woody except for I. capensis, I. griffithii, I. jurpia, I. latifolia, I. lyallii, I. mackeyana, I. macrophylla and I. mirabilis; enlarged cork cells in I. niamniamensis and I. stenantha. Collenchyma 3-6-(25) cell layers in width, meristematic activity mostly confined to species with large stem diameters (Fig. 3A, D) . Cortex 3-7-(25) cell layers in width, meristematic activity mostly confined to species with large stem diameters (Fig. 3B) . Cell groups radiating around remnants of primary xylem helical tracheids in pith observed in most species (Fig. 3D, E) . Raphides born in mucilage sacs observed in collenchyma, cortex and pith parenchyma (Fig. 3F) .
Growth ring boundaries in wood absent. Wood diffuseporous (Fig. 4A -C) . Vessels (3)-8-70-(84) mm
22
, usually solitary (Fig. 4A) , sometimes in radial multiples of 2-3-(5) and/or occasionally in clusters of 3 -5 (Fig. 4B, C) , vessel outline angular. Vessel perforation plates simple. Lateral wall pitting typically wide gaping ( pseudo-)scalariform (Fig. 4D ) to sometimes reticulate, pits with minute borders, pit cavities 10-75 mm in horizontal size, in I. balfourii distinctly bordered alternate pitting, pit borders 6 -12 mm in horizontal size, non-vestured. Tangential diameter of vessels (20)-27-61-(90) mm, vessel elements (100)-175-275-(400) mm long. Tracheids absent. Fibres septate in I. balfourii, I. dewildeana and I. gesneroidea, and also sometimes in I. leschenaultii, thin-walled, and relatively wide, (320)-420-640-(900) mm long, with mostly simple to occasionally minutely bordered pits equally distributed in radial and tangential walls, pits 2 -3 mm in horizontal diameter. Axial parenchyma scanty paratracheal (Fig. 4C ), 2 -3 cells per strand. Rays absent in most species studied, tall and multiseriate in I. balfourii (Fig. 4E) and I. flaccida, 3 -15 cells wide and (1200)-2020 to .5000 mm high, 0 -2 rays mm 21 , consisting of upright cells only, ray-like areas with fibre-like ray parenchyma cells observed in I. gesneroidea, I. leschenaultii, I. namchabarwensis and I. vitellina (Fig. 4F) ; sheath cells absent. Raphides observed in ray-like areas of I. vitellina.
Hydrocera (1/1; Fig. 5 ; Tables 1 and 2 ). Wood formation is mainly restricted to the ribs of the stem. In between rib regions, the thin ring-like wood cylinder is interrupted at some places (Fig. 5A) .
Stems hollow. Outer stem layer with epidermis still attached. Collenchyma 2 -3 cell layers in width, without meristematic activity. Cortex modified into aerenchyma with large intercellular spaces (Fig. 5A) . Raphides observed in collenchyma, aerenchyma and pith parenchyma.
Wood mostly confined to the ribs of the stem. Growth ring boundaries absent. Wood diffuse-porous (Fig. 5B) . Vessels (60)-70-(80) mm
, usually solitary and sometimes in radial multiples of two (Fig. 5B) , vessel outline angular. Vessel perforation plates simple. Lateral wall pitting ( pseudo-)scalariform near the primary xylem (Fig. 5D) , 15-30 mm in horizontal size, and rapidly changing to an alternate pattern towards the cambium (Fig. 5E, F) , pit border 5 -6 mm in horizontal diameter, non-vestured. Tangential diameter of vessels (25) (Fig. 5C) ; sheath cells absent. Raphides not observed in wood.
Phylogenetic analyses and character mapping
The combined data molecular matrix contains 3560 characters from which 961 (27 %) are variable. The chloroplast atpB-rbcL data matrix consist of 879 characters (213 variable characters), whereas the nuclear ImpDEF1 and ImpDEF2 data matrices contain 710 (197 variable) and 1970 (551 variable) characters, respectively. Despite the inability to amplify some loci for a few species, the missing data had no notable impact in the combined matrix. Ambiguously aligned nucleotides of microsatellite regions were removed from both chloroplast and nuclear data matrices. Despite the fact that ML analysis of the ImpDEF1/ImpDEF2 data sets resulted in a much better resolved topology than the atpB-rbcL data set, no incongruent relationships were found between the two analyses. This congruence is confirmed by the partition homogeneity test, which found no significant difference between both partitions of the combined data set (P . 0 . 05). The combined data set yielded a well-resolved topology in which most of the lineages are resolved (Fig. 6) . The obtained topology corroborates the major clades found by Janssens et al. (2006 Janssens et al. ( , 2007 Janssens et al. ( , 2008 Janssens et al. ( , 2009 ). In total, only three unresolved lineages are found: (1) the clade consisting of I. arguta and I. namchabarwensis forming a polytomy with the clade including I. aurea, I. capensis and I. noli-tangere and the additional Impatiens species; (2) I. purpureo-violacea forming a polytomy with the I. burtonii -I. assurgens clade and the I. cecilii -I. shirensis clade; and (3) shows relatively high support for many of the lineages. Nevertheless, some of the nodes have relatively low bootstrap value below 75, and thus interpretation of these phylogenetic relationships should be treated with caution (for a discussion of bootstrap values in phylogenetic analyses, see Hillis and Bull, 1993; Soltis and Soltis, 2003) , but this does not change the number of habit shifts in this study. Maximum parsimony optimization of four states (0 ¼ herbaceous species, 1 ¼ 'woody' herbs, 2 ¼ slightly woody species, 3 ¼ woody species) or only two states [0 ¼ herbaceous species (combining 0 and 1, and species without a wood cylinder), 1 ¼ woody species (combining 2 and 3)], representing variation in habit in Impatiens, indicates a similar pattern in which secondary woodiness originated at least five times from a herbaceous Balsaminaceae ancestor (Fig. 7) .
DISCUSSION
Stem anatomical diversity within Impatiens
Based on a careful screening of .100 Impatiens species in the herbarium of the Netherlands Centre for Biodiversity Naturalis-section NHN (L), taking into account multiple flowering specimens per species with roots attached, we observed that more than about 70 % of the species had very thin and completely flattened stems, indicating that the amount of wood formation is negligible to nearly absent. This can be confirmed by the Impatiens literature mentioning that the genus can be characterized by herbaceous, semi-succulent stems (Grey-Wilson, 1980a; Yuan et al., 2004) . However, amongst the .1000 species present in Impatiens, several of them show a continuous variation in wood development at the genus level (Table 1 ; Fig. 2, Supplementary Data Fig. S1 ): truly herbaceous species only show a few wood cells in the fascicular regions ( Fig. 2A) , while the woodiest species have a significant wood cylinder of .50 cell layers in thickness at the base of their stems (Fig. 2F) . It is known that most so-called herbaceous eudicot species develop a limited amount of wood at the base of their stems, either confined to the fascicular regions or somewhat more developed into a tiny wood cylinder (Krumbiegel and Kästner, 1993; Schweingruber, 2007; Schweingruber et al., 2011; Lens et al., 2012) . Consequently, the continuous range in wood formation within the genus Impatiens emphasizes once more the fuzzy boundary between the terms 'herbaceousness' and 'woodiness' -in line with authors advocating the continuum morphology (e.g. Sattler, 1996) -which makes it extremely difficult to decide at which point a species can be considered woody. Some authors even propose to abandon both terms and use the Raunkiaer (1943) terminology instead, based on the presence/absence and the position of the surviving buds, to describe a plant's life form (Dulin and Kirchoff, 2010) .
We believe that the terms herbaceousness and woodiness remain valid as long as two criteria are fulfilled: (1) 'herbaceousness' should not be interpreted as 'without wood formation'; and (2) a detailed description of the entire stem anatomy should be provided so that it is clear how much wood is developed in relation to the rest of the stem. Based on the carefully measured ratio of double wood cylinder thickness over total stem diameter, we calculated a habit character that continuously varied among the 42 species having a wood cylinder at the base of their stems. Following the gap weighting method of Thiele, we could define either two-or four-character states (Fig. 7, Supplementary Data Fig. S1 ). According to us, the two-character state solution [herbaceous (no wood cylinder and character states 1 -9) vs. woody (character states 12-26)] is more appropriate from an anatomical point of view (Fig. 7A) , because one of the species with character state 12, I. niamniamensis, has one of the largest wood cylinders studied in terms of number of cell layers (Table 1) . Moreover, the wood cylinder at the base of the stems in both I. niamniamensis and I. biflora -the two species investigated with character state 12 -also extends to the upper stem parts (results based on hand sections), which is also true for the woodier species. On the other hand, the narrower wood cylinders in species with character states 1-9 are restricted to the first few centimetres of the aboveground stem and are considered here as herbaceous. In contrast to the large differences in amount of wood development within Impatiens, wood anatomical variation between the species observed is negligible. Impatiens species all have diffuse-porous wood with simple vessel perforation plates, very short vessel elements (frequently ,300 mm), flat or continuously decreasing length-on-age curves (Supplementary Data Fig. S2 ), wide gaping scalariform vessel wall pitting (Fig. 4D) , thin-walled fibres with simple to minutely bordered pits, and scanty paratracheal parenchyma (Fig. 4C) . Rays are usually absent, but, when present, they are clearly visible as tall, multiseriate structures with exclusively upright ray cells (Fig. 4E, Table 2 ). In some species, transverse sections show radial zones of slightly different cells suggesting rays (Fig. 4A) , but tangential sections of the same wood samples demonstrate that the shape and size of the cells in these so-called ray-like areas resemble those of libriform fibres (Fig. 4F) . When looking at the outer stem layers, many species with large stem diameters show meristematic activity in their cortex and collenchyma (Fig. 3A, B) , explaining that secondary growth in Impatiens stems is not always triggered by a vascular cambium. For instance, the branch of I. mirabilis investigated -one of the species with the largest stems within the genus (Fig. 1C) -has a diameter of 25 mm, while the wood formation is negligible and only confined to the fascicular regions. In other words, stem diameter is not always a good proxy to distinguish between herbaceousness and woodiness. The presence of a periderm including a few layers of cork is better linked with woodiness, although some truly herbaceous species with large stem diameters have a periderm as well (I. macrophylla, I. mackeyana and I. mirabilis).
Two unusual features are found in the stems of Impatiens: 'flower-like' cells below the primary xylem regions observed in the pith in most species (Fig. 3D, E) , and unusually large idioblasts in the pith of I. grandis (Fig. 3F) and I. parasitica. The flower-like structures can best be interpreted as remnants of primary xylem helical tracheids that have been removed from the primary xylem by meristematic activity, and are surrounded by elongated parenchymatous cells giving the appearance of a flower (cf. Solereder, 1899; Fig. 3D ). This interpretation is confirmed by longitudinal sections (Fig. 3E) . Some of the extremely large idioblasts in the pith of I. grandis bear raphide bundles embedded in mucilage sacs, and resemble smaller raphide-containing idioblasts in the cortex, which are often observed in Impatiens stems.
Stem anatomy of Hydrocera triflora
The stem anatomy of Hydrocera strongly resembles that of Impatiens, except for the aerenchyma that is derived from the normal parenchymatous cortex (Fig. 5A) . Since H. triflora often grows in shallow water (Grey-Wilson, 1980b), the adapted cortex into a zone with large air-filled cavities allows low resistance transport of oxygen and other gases in the plant between stem parts above water and submerged parts. Wood formation in Hydrocera is largely confined to the ribs of the hollow stem (Fig. 5A ) -interconnected by an extremely thin wood cylinder that is interrupted at some places -and is therefore interpreted as herbaceous in the present study. Although its wood anatomy is nearly identical to the one of Impatiens, Hydrocera wood can be distinguished from that of Impatiens by the presence of a gradual transition of scalariform to alternate intervessel pitting from the pith region towards the cambium (Fig. 5D-F ).
Secondary origin of wood formation within Balsaminaceae
As discussed before, the wood anatomy of Balsaminaceae is characterized by a number of paedomorphic wood features, including flat or decreasing length-on-age curves for vessel elements in all the woodiest Impatiens observed and in Hydrocera (Supplementary Data Fig. S2 ). The relatively small wood cylinder observed in these woodiest species do not allow reconstruction of length-on-age curves over a long distance, but we feel confident that the curves generated are informative to assess secondary woodiness. This is based on the ideas of Bailey (1920) who demonstrated that the vessel element length remains almost constant with age in species having short vessel elements (,300 mm) with simple perforations (cf. Carlquist, 1962) . However, from a hydraulic point of view, the length of entire vessels has proven to be more important in the water transport mechanism of plants, and greatly outweighs the importance of vessel element length (Sperry et al., 2006 (Sperry et al., , 2007 Lens et al., 2011) . A second paedomorphic wood feature that is often cited is the absence of rays or the presence of rays with exclusively upright ray cells ( Fig. 4E ; Carlquist, 1962 Carlquist, , 1970 Carlquist, , 1992 Carlquist, , 2009 , or the presence of ray-like areas containing fibre-like parenchyma cells (Fig. 4F) . Whether or not the occurrence of wide gaping or gash-like intervessel pits in Impatiens (Fig. 4D) is a truly paedomorphic character and/or an adaptation to its parenchymatous semi-succulent stems is difficult to assess. The abundance of parenchyma cells in stems provides mechanical strength through cell turgor, which might compensate for the large intervessel pit apertures that weaken vessel walls (Dulin and Kirchoff, 2010) . Alternatively, these wide gaping pits may be an adaptation to expansion and contraction of the slightly lignified wood during wet and drier periods, Character optimization of the habit character on the strict consensus tree from chloroplast atpB-rbcL and nuclear ImpDEF1/ImpDEF2 sequences. (A) Two-character state analysis with two classes of species: herbaceous species (character states 1 -9 plus all the species without a wood cylinder) and woody species (character states 12-26; Table 1 ). (B) Four-character state analysis with four classes of species: herbaceous species (species without a wood cylinder), 'woody' herbs (character states 1 -9), slightly woody species (character states 12-14) and truly woody species (character states 17-26; Table 1 ).
respectively (Carlquist, 2009) , although this has to be experimentally evaluated. Molecular evolutionary trees support our wood anatomical hypothesis that the most woody Impatiens species are secondarily woody. Whether or not one chooses to divide the character growth form into four or two character states, the woodiest species remain scattered in the Impatiens topology in at least five different clades (Fig. 7) .
As has been mentioned by Grey-Wilson (1980a) , the question of why secondary woodiness occurs within Impatiens remains unanswered. Various hypotheses on the origin of secondary woodiness have been put forward, such as intraspecific competition (Darwin, 1859; Tilman 1988; Givnish, 1995) , ability to produce more seeds (Wallace, 1878) , counterselection against inbreeding (Böhle et al., 1996) , uniform climate (especially absence of frost; Carlquist, 1974) and the absence of large native herbivores (Carlquist, 1974) . Most of these hypotheses are based on secondarily woody plants that are native to islands (insular woodiness) or island-like regions on continents, a distribution which is also characteristic of many Impatiens species (Grey-Wilson, 1980a; Janssens et al., 2009 Janssens et al., , 2010 Janssens et al., , 2011 . However, when the habitat of the woodiest Impatiens species is compared with that of the majority of the herbaceous species, none of these hypotheses applies to Impatiens.
Surprisingly, despite the presence of paedomorphic wood features in Balsaminaceae and the huge range of habit differences within the balsaminoid Ericales clade (lianas, mangroves, trees, small shrubs and woody herbs), we can list two phylogenetically informative wood anatomical resemblances between Balsaminaceae on the one hand and the related families Tetrameristaceae sensu lato and Marcgraviaceae on the other: septate libriform fibres and raphides in ray cells (Lens et al., 2005a) . Furthermore, the three families share vessels in radial multiples and simple perforation plates, alternate intervessel pitting (although mainly absent in Impatiens) and paratracheal parenchyma, although this combination of characters is common in other woody flowering plant families as well.
